Introduction
Ferritin is a multimeric iron storage protein characterized by an unusual high stability that is often exploited for its purification. Bacterial and plant ferritins are composed of 24 identical subunits which assemble in a tetracosamer with 4,3,2 point symmetry (Harrison and Arosio, 1996) . The subunits fold into a bundle of four long alpha-helices (A-D) with a short additional C-terminal helix (E) and short non-helical tails at both termini. Mammalian ferritin have conserved three dimensional structures although they are made of different proportions of two subunit types, named H and L, with about 50% amino acid sequence identity (Lawson et al., 1991; Andrews, et al., 1992) . All ferritins readily interact with Fe(II) ions and induce their oxidation and mineralization inside the wide cavity, but they do it at different rates, which are related to the origin of the protein (Rucker et al., 1996; Van Wuytswinkel et al., 1995) and to the H:L ratio (Levi et al., 1989) . The H chains carry a metal binding centre within the 4-helical bundle which facilitates iron oxidation and has been named the ferroxidase centre (Lawson et al., 1991) . The site is conserved in bacterial and plant ferritins, but not in the mammalian L-chains where Glu62 and His65, which are part of the centre, are substituted with Lys and Gly, respectively (Harrison and Arosio, 1996) . The L-chain lacks ferroxidase activity and is more efficient in iron nucleation/mineralization due to a higher density of carboxyl groups exposed on the cavity surface (Levi et al., 1989 (Levi et al., , 1994b Santambrogio et al., 1993) . The extensive and cooperative inter-chain interactions responsible for ferritin assembly involve about 50% of the subunit surface and make the protein highly stable to thermal and chemical denaturation. The typical resistance to temperatures as high as 80°C or to 6 M guanidinium hydrochloride is lost after artificial modification of inter-subunit interactions along the three and fourfold symmetry axes and in folded subassembly species (Santambrogio et al., 1992 (Santambrogio et al., , 1997 Levi et al., 1993) . Most of the inter-subunit contacts are conserved in H and L subunits, and the two chains readily co-assemble in vivo and in vitro . L-chain homopolymers are more resistant than H-chain homopolymers to chemical denaturation (Santambrogio et al., 1992) , while the dissociated subunits of horse spleen ferritin (predominantly L-chain) at pH 3.5 show a lower thermal stability than rHchains (Stefanini et al., 1996) . Ferritins are reversibly denatured at pH below 3, yielding subassembly species with a high degree of secondary structure and loosened tertiary interactions (Santambrogio et al., 1992) . Reassembly occurs above pH 3 and at pH 3.5 the subunit dimers are the most populated species (Stefanini et al., 1987) .
Previous mutational studies indicated that both intra-and inter-chain contacts are important for ferritin folding/stability, and that part of the stability difference between recombinant human L (rH) and H (rL) ferritin chains can be attributed to substitutions of intra-chain contacts (Santambrogio et al., 1992 (Santambrogio et al., , 1997 . To define more clearly differences in the intrachain contacts of H and L subunits it is important to study the proteins under conditions in which the subunits are dissociated monomers. To this aim we analysed thermal stability of rH and rL ferritins in the pH range 2.0-2.8 by using differential scanning calorimetry (DSC) to obtain correct measurements of the energies involved in protein folding/unfolding. The results show that in this interval the subunits are present as monomers and that the rH subunit is in a molten-globule-like state with a single folding unit, while the rL-chain exhibits a transition from a conformation with two calorimetric domains at pH 2 to a more stable conformation with a single domain at higher pH. The results indicate the presence of charged interactions in the rL-chain which account for about 30% of the total stabilization energy of the subunit. The rH-chain lacks this interaction and exhibits higher stability at lower pH. The major intra-chain interactions differences between rH and rL subunits appear to be largely masked by the strong inter-chain contacts in the assembled molecules.
Materials and methods

Ferritins and variants
Homopolymers of human rH-and rL-chains were expressed as soluble proteins by Escherichia coli transformed with plasmids pEMBLex2LFT or pEMBLex2HFT and were purified with the procedures already described (Santambrogio et al., 1992 . Briefly, expression was induced by heat shock at 42°C, cells were disrupted by sonication, the soluble homogenates were heated at 75°C for 10 min, precipitated with ammonium sulphate (520 g/l) and treated with DNase and RNase. The final purification steps consisted of gel filtration on a Sepharose 6B column or a Sephacryl S-200 for the rH-and rL-homopolymers, respectively, followed by anion exchange column chromatography. All ferritins were electrophoretically pure and iron content determined by atomic absorption was less than 30 Fe atoms per ferritin molecule. Protein concentration was determined with BCA reagent (Pierce) using bovine serum albumin as standard. Being insensitive to the presence of iron, this method is more reliable than the optical reading at 280 nm for the quantitation of ferritins with trace amounts of iron. It was previously used to quantitate ferritin samples for spectroscopic analyses .
Ferritin subunits
To obtain the subunits of rL and rH ferritins, the assembled proteins were dialysed against 50 mM sodium phosphate-HCl, pH 2.0. For experiments at other pH values, the protein samples were further dialysed against buffer at the required pH (see below).
Fluorescence measurements
Fluorescence spectra were recorded with a SFL-1211 fluorometer ('Solar', Minsk, Belarus) equipped with a personal computer. Measurements were made at 25°C in a 1 cm pathlength cuvette. Fluorescence emission spectra of 8-anilino-1-naphthalenesulfonate (ANS) were recorded from 400 to 600 nm at the excitation wavelength of 360 nm. The excitation and emission slit widths were set to 5 nm. Samples for fluorescence measurements were prepared by diluting ferritin stock solutions into a required pH buffer to a final concentration of monomeric subunit of~5ϫ10 -7 M (10 µg/ml). The buffers used for the fluorescence measurements were 0.05 M sodium phosphateHCl in the pH interval 2.0-3.3, 0.05 M phosphate-citrate in the interval pH 3.4-4.7 and 0.05 M phosphate adjusted with NaOH in the interval pH 4.8-7.0. Diluted samples were equilibrated by incubation for 2 h. ANS stock solutions were prepared in H 2 O and the concentration determined by optical reading at 350 nm (extinction coefficient of 4950 M -1 cm -1 ). ANS was added to the diluted ferritin samples to a final molar ratio ANS:ferritin subunit of 10:1 and equilibrated for at least 1 h prior to the measurements.
Differential scanning calorimetry (DSC)
Measurements were performed with DASM-4 scanning calorimeter (Biopribor, Pushchino, Russia) in the temperature range 10-100°C at a scan speed 60 K/h. In all experiments the reference cell was filled with the buffer used to dialyse the protein sample. The buffer used for the calorimetric measurements in pH 1.8-2.8 interval was 0.05 M sodium phosphate-HCl. From the original heat capacity curves the instrumental base-line was subtracted. This was determined prior to each protein scan with both cells filled with the buffer. The protein concentrations in calorimetric experiments ranged between 0.8 and 2.4 mg/ml. Three to four scans were recorded for each sample, with variations of ∆H measurements within 5-8%. Calorimetric enthalpy was calculated according to Privalov and Khechinashvili (1974) based on the molecular mass of 19.9 and 21.1 kDa for L-and H-ferritin monomeric subunit, respectively. The observed excess heat capacity curves were deconvoluted into simple constituents by a recurrent procedure (Freire and Biltonen, 1978) using software TERM-CALC based on the above procedure with modifications of Privalov and Potekhin (1986) . The software was supplied by the DASM-4 manufacturer (Biopribor, Puschino, Russia). The procedure and software provide deconvolution of excess heat capacity curves in the minimal number of well-populated states required for a description of the experimental curve.
Results
Differential scanning calorimetry was performed on rL and rH ferritins having low iron content which does not affect protein stability and calorimetric analysis. Preliminary studies showed that the heat capacity curves gradually became complicated as pH increased above 2.8 because of increasingly overlapping exothermic process of protein aggregation. This process resulted in a characteristic calorimetric pattern involving deviation from linearity of post-transition base-lines and nonequality of calorimetric and van't Hoff enthalpies (not shown). At pH 1.8 the DSC curves for rL ferritin were flat. L ferritin is more stable than H (see below), and the result indicated a lack of well defined tertiary structures below pH 2 for both proteins. Thus, calorimetric measurements were performed in the pH range 2.0-2.8.
Thermodynamic measurements are formally allowed for processes possessing reversibility of a thermal transition revealed by experiments with repetitive cycles of heating and cooling (Privalov and Khechinashvili, 1974; Privalov, 1982) . However, it has been shown more recently that the calorimetric measurements are admissible also for processes having little or no reversibility (Manly et al., 1985; Hu and Sturtevant, 1987; Brandts et al., 1989) . Major arguments are attributed to the findings that the irreversible part of the process (i.e. thermal aggregation at near-transition temperatures, in most cases) is generally slow and does not interfere with calorimetric measurements. We found that the reversibility of ferritin thermal transitions varied with pH and with the end temperature of the first scan. A second scan after a full-scale calorimetric recording (from 10 to 100°C) at pH 2.0-2.8 did not reveal heat absorption peaks, indicating irreversibility of thermal unfolding at post-transition temperatures for both H and L ferritin in this pH range.
In the pH interval 2.0-2.8 both recombinant ferritins were dissociated into subunits, with no dimeric or oligomeric species being populated, as indicated by the equality of calorimetric and van't Hoff enthalpy values (Figure 1 and Table I ). The specific calorimetric enthalpies of thermal unfolding for the rL subunit (15.1-22.6 J/g that corresponds to molar transition enthalpies 293-441 kJ/mol given in Table I ) are close to the lower limit of the range observed for many proteins (Privalov and Khechinashvili, 1974; Privalov, 1979; 1982) , while the values for the rH subunit are significantly lower, 6.3-8.0 J/g, which correspond to 169-172 kJ/mol. An unexpected, and perhaps significant, finding was that the rL ferritin subunit at pH 2.0 showed asymmetric heat capacity curves which could be deconvoluted into two subtransitions with T m at 35 and 40°C. The result suggests that the rL subunit at pH 2.0 comprised two domains with a cooperativity ratio (CR ϭ ∆H cal /∆H VH ) equal to 1.69, and at pH 2.2-2.8 it comprised a single domain. Similar decooperation Fig. 2 . Fluorescence intensity of ANS bound to rL ferritin (1) and rH ferritin (2) as a function of pH in the pH interval 2-7. Concentrations were ferritin subunits, 5ϫ10 -7 M; ANS, 5ϫ10 -6 M. Excitation at 360 nm and emission at 470 nm. Insert, fluorescence spectra of ANS bound to rL ferritin at pH 7.0 (1), pH 2.8 (2) and pH 2.0 (3). events could not be seen with rH ferritin subunits over all the pH range 2.0-2.8. The decooperation of the rL subunit (with an eventually observed split in a two-domain structure) was accompanied by a large shift in T m (from approximately 80 to 37°C). The two sub-transitions under the overall melting curve for rL ferritin subunit could not be attributed to the presence of subunit dimers, since at less acidic pH (from pH 2.2-2.8) CR is equal to unity and deconvolution of heat capacity curves gave single transitions.
The change in partial specific heat capacity (∆C p ) of the rL subunit was determined from the linear dependence of ∆h (specific calorimetric enthalpy of thermal unfolding; J/g) versus T m at various pHs, and gave the value of 0.23 J/K/g. This allowed the calculation of free energies of stabilization at 25°C, in the range pH 2.0-2.8 according to Becktel and Shellman (1987) from the equation:
The results (Table I) showed a minor decrease of rL free stabilization energy going from pH 2.8 to 2.4, and a major decrease going to pH 2.2 and pH 2.0. At pH 2.0, the stabilization free energy for rL subunit was calculated with the assumption that the two thermal transitions equally contribute to the overall ∆C p value. ANS binding experiments showed that the fluorescent emission increased at pH below 4.5 indicating considerable exposure of hydrophobic sites (Figure 2) . Most of the transition occurred in the pH range pH 3.5-2.0 with more than 80% of fluorescence changes. In the pH interval 2.0-2.8 the ANS-binding curve for rH-chain was essentially flat, while that of rL-subunit decreases by approximately 60%. These findings are fully consistent with the transition of the rL chain, but not of the rH chain, in this pH range observed with scanning calorimetry. The plots in Figure 2 show that the pH-stability of the rL subunit is higher than that of the rH subunit in the pH 3-5 range and possibly lower in the pH 2-3 range.
The unusually low enthalpy of thermal unfolding (~172 kJ/ mol) and large half-width of thermal transition (19-21°C) for rH ferritin, together with ANS binding data, suggest that rH ferritin subunit adopts, in the pH 2.0-2.8 range, a partially unfolded conformation, possibly a molten globule-like state. For comparison, the half-width of thermal transition for rLferritin is approximately 7 and 9°C at pH 2.8 and 2.4, and enthalpy changes (~430-440 kJ/ml) suggest higher extent of tertiary interactions.
Discussion
The calorimetric and van't Hoff enthalpies for both fully dissociated ferritins at pH 2 are equal, indicating that the subunits are in a monomeric state, with no multimeric species being populated (Privalov, 1979) . This is in agreement with sedimentation data showing that in the pH interval 2-3 horse spleen ferritin has an s 20 value of 2.6 S, which is lower than that of the dimeric subunits at pH 3.5 (3.0 S) (Stefanini et al., 1987) . Ferritin rH-chain at pH 2 shows low enthalpy and T m of thermal unfolding, a wide transition range (20°C, Table I ) and high ANS binding (Figure 2 ), properties that indicate a molten globule-like state (Semisotnov et al., 1991; Haynie and Freire, 1993) . This is consistent with far-UV CD and intrinsic fluorescence data indicating that at pH 2 the rH-chain has a high degree of secondary and tertiary structure and displays a single band on acidic electrophoresis (Santambrogio et al., 1992) . The properties do not change in the pH range 2-2.8 (Figures 1 and 2 , Table I ), but they do above pH 3, when the subunits start to associate. It was reported that at pH 3.5 the same rH-ferritin has higher enthalpy values (∆H ϭ 376.4 kJ/ mol) compatible with the association of the subunits in dimers (Stefanini et al., 1996) . More complex is the behaviour of ferritin rL-chain under these conditions. At pH 2 it shows a wide thermal transition range and high ANS binding, compatible with a partially folded tertiary structure (Santambrogio et al., 1992) but it differs from the rH-chain for a lower T m (37.2°C versus 50°C) and for the presence of two calorimetric domains. The cooperativity ratio (CR ϭ 1.69) is lower than two, the value expected for two non-interacting domains, and is consistent with a model of two domains with moderate interdomain interactions. A pH decrease down to 1.8 leads to the loss of well defined tertiary contacts (not shown), while a pH increase up to 2.8 leads to the coupling of the two domains in a single calorimetric folding unit, with a concomitant increase of the enthalpy and T m values, and a decrease of the melting transition range and ANS binding (Figures 1 and 2 , Table I ). The dramatic increase of rL subunit stability over this pH range indicates a critical contribution of charge interactions involving carboxyl groups. Consistently, it was shown that the pK a values of carboxyls embedded into protein interiors are lower that those of model compounds and in the range we observed (Oliveberg et al., 1995) . Progressive deprotonation of carboxyl groups on increasing the pH from 2.0 to 2.8 entails sequential folding/cooperation events that involves an unusually sharp increase in the transition temperature. This is associated with the coupling of the two 'calorimetric' domains in a single cooperative folding unit. The calorimetric and van't Hoff enthalpies remain equal in this pH range indicating that the structural changes do not involve subunit aggregation.
Our data allow the calculation of the free energy of stabilization for the rL subunit and estimation of, in solid thermodynamic terms, the contribution of domain interactions to subunit stability. From the difference in the free energy of stabilization 380 at pH 2.2 and 2.0 (Table I) it can be calculated that the chargedependent interactions between two domains contribute~15 kJ/mol, i.e.~30% of the total stabilization free energy (48.6 kJ/mol), and are important components of subunit stability. The magnitude of ∆G is high enough to couple the two domains into a single calorimetrically revealed folding unit (Brandts et al., 1989) .
Another prominent feature of folding of the rL subunit is the exceptionally high change in transition temperature observed between pH 2.0 and 2.8 that amounts to more than 50°C per pH unit, while for other proteins this value is in the range 15-20°C per pH unit (Privalov and Khechinashvili, 1974; Privalov, 1979 Privalov, , 1982 . Ferritin rL subunit at pH 2.0-2.8 appears to contain also a portion of partially unfolded structure devoid of 'meltable' tertiary conformation, indicated by (i) the low magnitude of specific calorimetric enthalpy of rL ferritin (~27-31 J/g) extrapolated to 110°C in comparison with~54 J/g generally observed at 110°C for most, if not all, completely folded proteins (Privalov and Khechinashvili, 1974) ; (ii) the low magnitude of ∆C p for rL subunit (0.23 J/K/g) when compared with other compact proteins (0.33-0.67 J/K/g); (iii) pronounced ANS binding.
In conclusion, at pH 2-2.8 the ferritin subunits show a different and partially folded conformation: the rH-chain is composed of a single domain in a molten globule-like state, and the rL-chain is composed of two easily meltable domains which, after being coupled by charge interaction involving carboxyl groups, form a more stable structure.
The recent detailed analysis of the high resolution crystallographic structures of the human ferritin rH-subunit and horse ferritin rL-subunit (Hempstead, et al., 1997) showed an equivalent number of inter-subunit interactions in the two chains, most of which are conserved, a finding compatible with the ease of H and L co-assembly. Less conserved are the intrasubunit contacts, although the residues that form the hydrophobic cores within the 4-helix bundle are conservatively substituted. Significant differences are found in intra-subunit hydrogen bonds, which are about 50% more abundant in the H chain than in the L chain, and in ion pairs: nine in the H and 10 in the L subunit, six of which conserved. All the intrasubunit salt bridges lie outside the subunit, except the conserved Arg9-Glu17 and the L-specific Lys62-Glu107 which are buried in the folded subunit. Thus, the H-chain seems to be stabilized by a higher number of hydrogen bonds and the L-chain by more salt bridges. This is in agreement with our data showing that the human rL-chain (in which all the inter-and intra-chain interaction of horse L-subunit are conserved) has a lower stability than the rH-subunit under conditions in which the effect of salt bridges and inter-chain interactions are minimized (i.e. at pH 2), and is more stable when the ionic interactions are allowed (e.g. at pH 2.8).
Our data are presently insufficient to localize the crucial charged interaction(s) of rL subunit, but the most likely candidate is the one between Lys62 and Glu107, since (i) it is the only buried salt bridge specific to the L subunit and is in an important position within the 4-helix bundle, (ii) mutagenesis predicted to form the bridge in rH-chain (Glu62-LysϩHis65-Gly) increased protein stability (Santambrogio et al., 1992) , (iii) the reverse mutation (Lys62-Glu) in rL chain inhibited spontaneous folding/assembly of the protein (Levi et al., 1994a) .
In conclusion, present data indicate dramatic differences in the strength and types of interactions contributing to the folding/stability of H and L subunits, which are not apparent in the assembled ferritin probably because they are masked by the strong, conserved and cooperative inter-chain interactions. They may partially explain the higher stability and more cooperative renaturation plots of the rL-subunit (Santambrogio et al., 1997) .
